Background: Toll-like receptor 7 (TLR7) is an endosomal TLR that is activated by single-stranded RNA, including endogenous microRNAs (e.g., let-7b). Increased hepatic expression of TLRs, microRNAs, and inflammatory mediators is linked to ethanol (EtOH) exposure and to alcoholic liver disease (ALD). ALD invovles chronic hepatic inflammation that can progress to alcoholic hepatitis (AH), a particularly severe form of ALD. This study aimed to investigate TLR7 expression in patients with different liver disease phenotypes and in mouse liver following alcohol exposure.
A LCOHOLIC LIVER DISEASE (ALD) is a leading cause of cirrhosis and acute-on-chronic liver failure. ALD is the main cause of mortality associated with organ damage in adults with chronic alcohol abuse (Stickel et al., 2017) . ALD is a spectrum of disease states that progresses from mild, nonsymptomatic disease (e.g., alcoholic steatohepatitis [ASH] ) to more severe chronic ALDs including fibrosis, cirrhosis, and hepatocellular carcinoma (HCC). In addition, patients with underlying liver disease and excessive alcohol intake can develop episodes of alcoholic hepatitis (AH), a particularly severe form of acute-on-chronic liver injury associated with a short-term mortality rate of up to 30 to 50% (Lanthier and Starkel, 2017) . AH is characterized by hepatic inflammation, including increased IL-8 levels, neutrophil infiltration, and hepatocyte damage. Although ethanol (EtOH) is known to enhance the hepatic proinflammatory response, the mechanisms that trigger the acute onset of AH remain unclear. Furthermore, treatment with anti-inflammatory corticosteroids, the current first-line therapy for AH, is not effective in many patients (Thursz et al., 2015) . Therefore, identification of disease-specific mechanisms and novel therapeutic targets for AH represent major needs in clinical hepatology.
ALD progresses from early, subclinical disease to more advanced stages, including cirrhosis and AH, through poorly understood mechanisms that may represent multiple hepatic insults or "hits" (Day and James, 1998; Tsukamoto et al., 2009) . In this paradigm of disease progression, lipid accumulation caused by EtOH metabolism serves as a first "hit" which sensitizes the liver to additional insults including enhanced pro-inflammatory signaling, mitochondrial stress, and oxidative stress. The subsequent "hit" of enhanced proinflammatory signaling is consistent with progressive increases in inflammation characterized by increased release of pro-inflammatory cytokines from resident macrophages and sensitization of parenchymal cells to the pro-inflammatory signals. Researchers have further demonstrated that enhanced inflammatory signaling during ALD is mediated, at least in part, via increased expression of Toll-like receptors (TLRs). Many studies investigating the role of TLRs in ALD have focused on the role of TLR4 and its pathogenassociated ligand, lipopolysaccharide (LPS), which is increased in the blood by alcohol consumption. Those studies have found that TLR4 contributes to hepatic inflammation and fibrosis in multiple murine models of alcoholinduced liver injury (Hritz et al., 2008; Uesugi et al., 2001; Zhao et al., 2008) . More recently, endogenous molecules that contain damage-associated molecular patterns have also been shown to activate TLRs, suggesting that endogenous ligands may contribute to the progressive pro-inflammatory response associated with the development of ALD. In contrast to TLR4 signaling, the roles of other TLRs in mediating EtOH induction of hepatic immune responses remain less clear. A study by Gustot and colleagues (2006) found increased hepatic expression of multiple TLR receptors (e.g., TLR1, TLR2, TLR6, TLR7, and TLR8) after chronic feeding of EtOH-containing liquid diet. The up-regulation of multiple liver TLRs by EtOH exposure was associated with enhanced hepatic TNFa levels and liver injury (Gustot et al., 2006) in response to exposure to TLR agonists. However, additional studies are required to investigate how multiple TLRs, including TLR7, impact the progression of human ALD and the onset of AH.
Previous studies report increased TLR7 expression both in experimental ASH caused by chronic alcohol exposure in mice (Gustot et al., 2006) and in humans with end-stage ALD (Starkel et al., 2010) . However, the functional effect of increased TLR7 expression in the setting of ALD remains to be determined. TLR7 is known to respond to viral singlestranded RNA (ssRNA), and recent studies have found it can also respond to endogenous microRNAs (Coleman et al., 2017; Lehmann et al., 2012) . Activation of TLR7 by ssRNAs or small molecule agonists (e.g., imiquimod) stimulates innate immune responses including induction of antiviral interferons and pro-inflammatory cytokines (Novak et al., 2008; Ramirez-Ortiz et al., 2015) . In this study, we hypothesized that EtOH-induced TLR7 expression would increase hepatic inflammation in response to the TLR7 agonist imiquimod. To test the effects of EtOH exposure on the TLR7-mediated inflammatory responses, mice were preexposed to EtOH, and then, the response to the TLR7 agonist, imiquimod, was determined. Previous studies have demonstrated that hepatocyte-like cell lines (e.g., HepG2, Huh7) express TLR7 and are activated by TLR7 agonists (Lee et al., 2006; Sarkar et al., 2015) . Furthermore, as a primary site of alcohol metabolism, hepatocytes are a prime target for alcohol-induced toxicity. Therefore, we determined the effects of EtOH and imiquimod on hepatocyte TLR7 expression and inflammatory signaling. Because there is currently no mouse model of EtOH exposure that adequately produces the clinical sequelae of AH, the TLR7 signaling pathway, including expression of the TLR7 receptor and the endogenous let-7 miRNA agonists, was also determined in human liver samples from patients with liver disease, including AH. Here, we report that EtOH increased TLR7 mRNA expression in the liver of mice and in cultured primary human hepatocytes. We further found that EtOH preexposure increased TLR7 induction of pro-inflammatory genes in mice. RNA sequencing of human liver tissue revealed that AH is associated with increased hepatic mRNA expression of the TLR7 receptor as well as let-7 microRNAs which can endogenously activate TLR7 signaling. Importantly, hepatic expression of both the receptor and endogenous ligands correlate with hepatic mRNA expression of IL-8, a known driver of AH. Together, these findings support the hypothesis that increased TLR7 signaling contributes to progressive increases in liver inflammation and injury caused by alcohol and may represent a "second hit" involved in the development of severe ALD and AH.
MATERIALS AND METHODS

Animals and Treatment
Eight-week-old male C57BL/6J mice were exposed to EtOH (5 g/ kg, intragastric [i.g.], 25% EtOH, w/v) or water (isovolumetric control, i.g.) daily for 10 consecutive days as previously described (Qin et al., 2008) . Mice were administered the TLR7 agonist imiquimod (R837; InvivoGen, San Diego, CA; 2.5 mg/kg, intraperitoneal [i.p.]) or saline (control) 24 hours after the last dose of EtOH. Liver tissue was collected 2 hours after imiquimod (or saline) injection and was immediately snap-frozen or formalin-fixed for histology. All protocols were approved by the Institutional Animal Care and Use Committee and were performed in accordance with the National Institutes of Health regulations for the care and use of laboratory animals.
Cell Culture
Cryopreserved primary human hepatocytes (cPHH) were purchased from Triangle Research Laboratories (Research Triangle Park, NC) and maintained following the supplier's protocols. The cPHH were seeded on collagen-coated 12-well plates overlaid with Matrigel (Corning, Oneonta, New York) and allowed to attach overnight before exposure to EtOH (100 mM; 24 hours) or imiquimod (1 lg/ml; 2 hours). For TLR7 silencing studies, 15 pmol of negative scrambled control or TLR7 Silencer small interfering RNA (siRNA) (Ambion, Carlsbad, CA) was mixed with Lipofectamine RNAiMax (Invitrogen, Carlsbad, CA) and added to cPHH for 24 hours. After removing the transfection media, cells were overlaid with Matrigel and allowed to grow for an additional 24 hours prior to stimulation with imiquimod (1 lg/ml). VL-17A cells were a kind gift from the Zeisel Lab at UNC's Nutrition Research Institute and were maintained as previously described (Donohue et al., 2006) . Immediately before use, mirVana let-7 mimic (Applied Biosystems, Carlsbad, CA) was mixed with DOTAP Liposomal Transfection Reagent (Roche, Mannheim, Germany). The VL-17A cells were exposed to the liposomal let-7 mimic and to EtOH (100 mM) for 24 hours. RNA and media were collected at the termination of all cell culture experiments.
Microvesicle Isolation
Microvesicles (MVs) were isolated by sequential centrifugation as described previously (Coleman et al., 2017) . The resulting MV-containing pellet was immediately suspended in Qiazol (Qiagen, Valencia, CA) for total RNA (tRNA) extraction. This preparation results in MVs ranging between 100 nm and 1 mm in diameter.
RNA Isolation and qPCR
tRNA was isolated from mouse liver or cultured cells using TRIzol (Life Technologies, Carlsbad, CA) and phenol:chloroform extraction. One microgram of RNA was reverse transcribed into cDNA using a commercially available kit (Life Technologies). Real-time qPCR was performed with primer sets based on previously published sequences (Table 1 ) and the SYBR Green PCR Master Mix (Life Technologies). qPCR products were run on the Bio-Rad CFX system (Hercules, CA). Gene expression was normalized to 18S. tRNA for microRNA analysis was isolated using Qiazol (Life Technologies) and phenol:chloroform extraction. qPCR analysis of miR-21 and let-7b microRNA was performed using miRVana TaqMan assays (Life Technologies) following manufacturer's instructions. microRNA expression was normalized to RNU6B (U6). The comparative 2
ÀDDCT method was used to determine fold changes in mRNA and microRNA expression compared to control.
Western Blot
Snap-frozen liver tissue was homogenized in ice-cold RIPA buffer (Sigma-Aldrich, St. Louis, MO) supplemented with protease and phosphatase inhibitors (Sigma-Aldrich). Lysates were centrifuged at 21,0009g to remove particulates. Protein concentrations were determined with a commercially available BCA assay (ThermoFisher, Grand Island, NY). Samples were diluted in DTT-containing reducing running buffer (ThermoFisher) to a final protein concentration of 40 lg protein per well. Electrophoresis was performed using MiniProtean TGX gel (Bio-Rad) and transferred onto nitrocellulose membranes using the Bio-Rad Turbo Transfer system. Membranes were blocked with Odyssey blocking buffer (Li-COR Biotechnology, Lincoln, NE) for 1 hour prior to overnight incubation at 4°C with primary antibody. Secondary antibody incubation was performed at room temperature for 1 hour in TBST. Membranes were visualized and bands quantified using the Li-COR Odyssey imaging system TM . Values for proteins of interest were normalized to b-actin expression for each subject and are reported as fold of control.
RNA Sequencing of Human Liver Tissues
Hepatic mRNA expression was determined using a focused analysis of tRNA sequencing data from human liver tissues representing multiple etiologies of liver disease including AH, nonalcoholic steatohepatitis (NASH), and normal liver tissues (Argemi et al., . Biopsies from patients with AH (n = 29) or NASH (n = 9) and fragments of normal liver tissue (n = 10) were obtained from the National Institute on Alcohol Abuse and Alcoholism-funded InTeam consortium biorepository core as described elsewhere (Argemi et al., 2018) . All AH patients had a histological diagnosis of AH; inclusion criteria for AH have been described previously (Colmenero et al., 2007; Dominguez et al., 2008 Dominguez et al., , 2009 . Patients with NASH were diagnosed according to Kleiner's criteria (Kleiner et al., 2005) . A laparoscopic liver biopsy was obtained from these patients during bariatric surgery. Fragments of normal liver tissue were obtained from patients undergoing hepatic resection of liver metastases as previously described (Affo et al., 2013) . For sequencing, tRNA was extracted from healthy, AH, or NASH liver tissues using TRIzol (Affo et al., 2013) . Extracted tRNA was analyzed with the Agilent 2100 Bioanalyzer system (Agilent Biotechnologies, Palo Alto, CA). High-quality tRNA was used for library construction using the Illumina TruSeq Stranded Total RNA Ribo-Zero Gold kit (Illumina, San Diego, CA). Multiplexed samples were sequenced using Illumina HiSeq2000 platform using a read length of 2 9 100 bases. Short read alignment was performed using STAR alignment algorithm with default parameters (Dobin et al., 2013 ). Normalization of gene expression level across samples was computed as transcripts per million mapped reads (Wagner et al., 2012) .
Validation of select RNAseq data was performed in separate, confirmatory cohorts of AH and control liver tissues using real-time qPCR. The confirmatory cohort of AH tissues (n = 17) was collected at the University of North Carolina (UNC) at Chapel Hill Hospital as part of the human biorepository of the InTeam Consortium. These biopsies were collected by transjugular approach in patients diagnosed with AH by histological analysis. The confirmatory cohort of control tissues consisted of fragments of normal liver tissue (n = 7) from patients undergoing hepatic resection of liver metastases that were provided by the UNC at Chapel Hill Lineberger Cancer Center's Tissue Procurement Facility.
Clinical data for all patient cohorts are included in Table 2 . All human studies conformed to the ethical guidelines of the 1875 Declaration of Helsinki and were approved by the local institutional review committee. Informed consent was obtained in writing from each patient prior to inclusion in the study.
Statistics
Results are reported as mean AE SEM. Analysis of variance with Bonferroni's post hoc test (for parametric data) or t-test was used for the determination of statistical significance among treatment groups, as appropriate. Correlations between variables were evaluated using Pearson's r correlation. A p-value less than 0.05 was selected before the study as the level of significance.
RESULTS
EtOH Exposure Increases Hepatic TLR7 mRNA Expression and Pro-Inflammatory Responses in Mice
The purpose of this experiment was to determine whether exposure to EtOH and/or the TLR7 agonist imiquimod altered hepatic mRNA expression of TLR7 and other immune signaling molecules. Previous studies have used multiple binge EtOH exposures to investigate EtOH sensitization to TLR4 and TLR3 responses (Beier et al., 2009; Massey and Arteel, 2012; Qin and Crews, 2012; Qin et al., 2008) . For our study, we determined the effect of multiple EtOH binges on hepatic TLR expression. Accordingly, mice were exposed to EtOH (5 g/kg/d, i.g.) or water (control) by oral gavage once per day for 10 days. EtOH was allowed to clear before administration of the TLR7 agonist imiquimod (24 hours after the last dose of EtOH) since alcohol intoxication could confound interpretation of the TLR7 agonist response (Massey and Arteel, 2012) . The imiquimod-induced inflammatory response was assessed 2 hours after imiquimod administration.
The average blood alcohol concentration 1 hour after EtOH treatment was 279 AE 11 mg/dl. Histological analysis of liver tissue by hematoxylin and eosin (H&E) staining revealed no morphological changes in mice exposed to Human specimens, including liver tissue and serum, were collected in accordance with approved IRB protocols. Biopsies were collected from AH patients using a transjugular approach. Patients with nonalcoholic hepatitis (NASH, n = 9) were also included as diseased controls. Fragments of normal liver tissue ("healthy," n = 10) were obtained from patients undergoing hepatic resection of liver metastases as previously described (Affo et al., 2013) . Clinical chemistries were performed at the time of hospital admission.
IQR, interquartile range; AST, aspartate aminotransferase; ALT, alanine aminotransferase; INR, international normalized ratio; NASH, nonalcoholic steatohepatitis; AH, alcoholic hepatitis. a p < 0.05 compared to control. EtOH, imiquimod, or a combination of both at the time point studied (Fig. S1 ). Hepatic mRNA expression of Tolllike receptors TLR3, TLR4, TLR7, TLR8, and TLR9 was determined by qPCR (Table 3) . Hepatic mRNA expression of TLR7 and TLR4 was significantly increased by EtOH exposure by 256 and 323%, respectively (Fig. 1A) . Western blot analysis indicated that EtOH increased TLR4 protein levels by 126% compared to water controls (p = 0.028) (Fig. S2) . EtOH also increased mRNA of pro-inflammatory cytokines INFa (340%), IFNb (372%), HMGB1 (179%) as well as the anti-inflammatory mediator IL-10 (983%), and the COX-2 oxygenase (1,350%, Table 3 ). To determine whether EtOH induction of TLR7 expression increased TLR7 responses, the small molecule TLR7 agonist imiquimod was administered 24 hours after the last dose of EtOH and liver tissue was collected 2 hours later. Imiquimod alone significantly increased mRNA expression of TNFa (298%) and KC (4,405%), a mouse homolog of IL-8 which is a known driver of AH, as well as mRNA expression of MCP-1 (445%), IFNa (304%), IFNb (295%), and MIP-2 (263%).
However, the TLR7 agonist did not increase TLR7 or TLR4 mRNA expression, whereas EtOH increased both. Interestingly, imiquimod did significantly increased hepatic levels of the lncRNA NEAT1 (448%) (Fig. 1B) , which has been implicated as a regulator of a unique subset of inflammatory cytokines, including human IL-8. EtOH treatment did increase multiple imiquimod TLR7 responses in the liver (Table 3 ; Fig. 1B ). The combination of EtOH and imiquimod increased TLR9 mRNA (581%) (Fig. 1A) and significantly enhanced expression of TNFa (701%) and iNOS (1,417%) (Fig. 1B) as well as MCP-1 (Table 3 ). The combination of EtOH and imiquimod also significantly increased MyD88 mRNA by 612% over control, consistent with enhancement of multiple TLR signaling pathways including TLR7. EtOH alone did not alter the mRNA expression of the fibrogenic mediators collagen 1a1, aSMA, TGFb, or TIMP-1 at the time point studied. In contrast, imiquimod significantly increased expression of collagen 1a1 by 200% (Table 3) and TIMP-1, an inducible protease inhibitor associated with pro-inflammatory responses, by 660% compared Fig. 1 . EtOH treatment (10 days) significantly increases hepatic expression of TLR mRNA and increases the inflammatory response induced by the TLR7 agonist imiquimod in mice. Male C57BL/6J mice were exposed to EtOH (5 g/kg, i.g.) for 10 days. Twenty-four hours after the last EtOH dose, some mice were exposed to the TLR7 agonist imiquimod (2.5 mg/kg, i.p.) as described in Materials and Methods. Hepatic mRNA expression of (A) the Toll-like receptors 7, 4, and 9 and (B) the signaling molecules TNFa, KC, iNOS, MyD88, TIMP-1, and NEAT1 lncRNA were determined by qPCR. Data are shown as mean AE SEM (n = 5). a, p < 0.05 compared to control; b, p < 0.05 compared to EtOH alone; c, p < 0.05 compared to imiquimod alone.
to control (Fig. 1B) . EtOH preexposure enhanced imiquimod-induced TIMP-1 expression to more than 920% of control. Among the immune signals assessed, EtOH robustly enhanced imiquimod induction of mRNA expression of pro-inflammatory cytokines (TNFa, MCP-1) and oxidases (iNOS, COX-2) as well as the receptor MARCO-2 and the immune receptor adaptor Myd88 in the liver. These findings suggest that EtOH induction of hepatic TLR7 levels and responses may also impact other immune signaling pathways. In summary, EtOH treatment of mice induces TLR7 mRNA as well as the hepatic response to the TLR7 agonist imiquimod.
EtOH and TLR7 Agonist Imiquimod Responses in Culture cPHH
Hepatocytes are the main site of alcohol metabolism and, accordingly, are particularly susceptible to the effects of alcohol. Additionally, previous studies have shown that Fig. 2 . EtOH or imiquimod exposure increases mRNA expression of pro-inflammatory mediators in cultured primary human hepatocytes. Primary human hepatocytes were exposed to (A) EtOH (100 mM, 24 hours) or (B) imiquimod (1 lg/ml, 2 hours). For siRNA studies (C,D), primary human hepatocytes were exposed to control or TLR7-targeted siRNA as described in Materials and Methods. Cellular mRNA was collected at the termination of the experiments. Intracellular mRNA expression of TLR7, MyD88, NFjB, IL-8, TNFa, and NEAT1 was determined by qPCR. Data are shown as mean AE SEM (n = 4). a, p < 0.05 compared to control siRNA; b, p < 0.05 compared to unstimulated control. Fig. 3 . EtOH or imiquimod exposure increases the level of let-7b in microvesicles released from primary human hepatocytes. tRNA was isolated from hepatocyte-derived MVs as described in Materials and Methods. 5 ng of MV-associated tRNA was used for qPCR for the TLR7-binding microRNAs miR-21 and let-7b in MVs released from hepatocytes exposed to EtOH (A) or imiquimod (B). Data are shown as mean AE SEM (n = 4). a, p < 0.05 compared to control.
hepatocytes express TLR7 and are sensitive to TLR7 activation (Lee et al., 2006; Sarkar et al., 2015) and, furthermore, that hepatocytes can contribute to hepatic innate immune response through multiple signaling pathways (Crispe, 2016) . Therefore, we investigated the effect of EtOH or imiquimod on the mRNA expression of TLR7, TLR signaling molecules, and innate immune genes in cPHH. EtOH exposure (100 mM, 24 hours) significantly increased TLR7 mRNA expression by nearly 400% in the hepatocytes (Fig. 2A) . Furthermore, EtOH exposure increased the mRNA expression of the TLR signaling pathway including the TLR adaptor protein MyD88 (450%) and the NFjB subunit NFjB-p65 (550%). EtOH also significantly increased mRNA expression of the inflammatory mediators IL-8 (300%) and TNFa (270%). In contrast to EtOH exposure, the TLR7 agonist imiquimod did not affect the expression of TLR7 mRNA at the concentration (1 lg/ml) and time point (2 hours) studied (Fig. 2B) . However, imiquimod stimulation did robustly increase mRNA expression of MyD88 (800%), NFjB-p65 (1,200%), IL-8 (1,250%), and TNFa (3,800%) and also increased levels of the lncRNA NEAT1 (170%). To confirm that imiquimod was stimulating the hepatocyte inflammatory response through the TLR7 receptor, cultured hepatocytes were transfected with control siRNA or TLR7 siRNA 24 hours before exposure to imiquimod. Transfection with TLR7 siRNA decreased TLR7 mRNA expression by 60% AE 12% (Fig. 2C ) and blunted imiquimod-induced TNFa mRNA expression by 52% AE 15% (Fig. 2D) . Thus, EtOH increased hepatocyte TLR7 mRNA expression and imiquimod induced pro-inflammatory cytokine (e.g., TNFa) expression via activation of TLR7 receptor in primary human hepatocytes.
EtOH and Imiquimod Increase MV Levels of the TLR7 Agonist Let-7b in Cultured Primary Human Hepatocytes
EtOH exposure increases vesicle release from cultured hepatocytes (Momen-Heravi et al., 2015) , and other studies find that EtOH increases let-7 microRNAs released in MVs (Coleman et al., 2017) . Therefore, we measured the level of total MV-associated RNA and of MV-associated TLR7-activating microRNAs let-7b and miR-21 in the conditioned media of primary human hepatocytes exposed to EtOH or the TLR7 agonist imiquimod. As expected, EtOH significantly increased the release of MV-associated RNA in the hepatocyte media by 175% and let-7b mRNA by 200% (Fig. 3A) , but did not affect the release of MV-associated miR-21. Imiquimod increased the release of MV-containing let-7b mRNA about 200%, similar to EtOH exposure (Fig. 3B) . Thus, both EtOH and imiquimod increased human hepatocyte release of let-7b in MVs.
Hepatic TLR7 Expression Is Increased in AH
In the absence of an adequate animal model of AH, we studied the association of TLR7 with human AH using Fig. 4 . Hepatic TLR7 mRNA expression is increased in patients with AH and correlates with liver injury and IL-8 mRNA levels in humans. (A) RNAseq was performed on liver tissue from alcoholic hepatitis (AH; n = 29), nonalcoholic steatohepatitis (NASH; n = 9), or normal fragments of tissue (control, n = 10). TLR7 mRNA levels are shown as transcripts per kilobase million (TPM). (B) TLR7 mRNA expression was validated in a separate cohort of control (n = 7) and AH (n = 17) liver tissues by qPCR. Correlations between hepatic TLR7 and (C) serum AST or (D) hepatic IL-8 were determined by Pearson's coefficient. mRNA expression data are shown as mean AE SEM. a, p < 0.05 compared to control.
RNA sequencing data of human liver tissue from patients with liver disease of different etiologies including NASH and AH. TLR7 mRNA expression was increased by more than 300% in patients with AH, but was not changed in liver of patients with NASH (Fig. 4A) . Importantly, TLR7 mRNA expression was increased by nearly 30-fold in AH liver tissue compared to control liver tissue when confirmed by qPCR in a separate cohort of patients (Fig. 4B) . TLR7 mRNA expression correlated with serum aspartate aminotransferase (AST) levels (r = 0.5994, p = 0.001) and with hepatic IL-8 mRNA levels (r = 0.6384, p = 0.0002) in AH patients (Fig. 4C,D) . In agreement with these results, TLR7 mRNA expression also correlated with serum AST levels (r = 0.7699, p < 0.001) and IL-8 mRNA (r = 0.734, p = 0.0004) in a confirmatory cohort of AH patients (Table 4) . Thus, TLR7 mRNA is increased in AH, but not NASH, and correlates with serum AST, a marker of liver damage, and increased hepatic mRNA expression of IL-8, a known driver of AH (Hill et al., 1993; Liu et al., 2015) .
Expression of Let-7 microRNAs, the Endogenous Ligands of TLR7, Is Increased in AH
TLR7 responds to ssRNA, viruses, and endogenous microRNAs as well as small molecule drugs, such as imiquimod. Because the abundant let-7 microRNAs have been identified as endogenous TLR7 agonists (Coleman et al., 2017) , the relative levels of let-7 microRNAs in hepatic tissue of patients with AH and NASH were compared to levels in fragments of normal liver tissue. RNA sequencing revealed that 6 let-7 microRNAs were increased in patients with AH including let-7b (246%), let-7a1 (500%), let-7d (220%), let-7f1 (400%), let-7f2 (180%), and let-7g (250%) (Fig. 5) . Increased expression of let-7b was confirmed by qPCR in a separate cohort of AH patients (Fig. 5I) . As expected, IL-8 expression was significantly increased in the AH patient cohort compared to controls (Fig. 6A) . Furthermore, expression of IL-8 correlated with liver expression of let-7b (r = 0.5181, p = 0.001), let-7d (r = 0.5255, p = 0.0008), let-7a1 (r = 0.5534, p = 0.0004) (Fig. 6B-D) , and let-7f1 (r = 0.5798, p = 0.003; Table 4 ). NEAT1 is a lncRNA that has recently been shown to regulate IL-8 expression and additionally has been shown to be activated downstream of TLR stimulation (West et al., 2014) . Interestingly, NEAT1 lncRNA expression was also increased in the liver tissue of AH patients (Fig. 6E) and correlated with hepatic IL-8 mRNA (r = 0.3470, p = 0.0328; Table 4), and let-7 miRNA expression ( Fig. 6F-H) . Serum AST levels were also positively correlated with hepatic expression of let-7b (r = 0.3521, p = 0.0481) and let-7f1 (r = 0.5654, p = 0.0009) ( Table 4 ). The positive correlation of hepatic IL-8 mRNA (r = 0.4875, p = 0.0292) and serum AST levels (r = 0.559, p = 0.0045) with hepatic let-7b expression was confirmed in the confirmatory cohort of AH patients (Table 4) .
Effect of a Let-7b Mimic and EtOH Induction of TLR7 in VL-17A Cells
We investigated let-7 agonist actions on TLR7 and immune responses using a let-7b mimic prepared in liposomes and VL-17A human HCC-derived cells that express EtOH-metabolizing enzymes. Consistent with results in cultured primary human hepatocytes, EtOH increased mRNA expression of TLR7 (200%) and TNFa (160%) in the VL-17A hepatocytes (Fig. 7) . Addition of 5 nmol of liposomal let-7b mimic did not affect TLR7 or TNFa mRNA expression in controls. Similar to imiquimod, let-7b mimic alone increased TNFa mRNA expression by 150% compared to scrambled control and EtOH exposure further increased TNFa mRNA expression caused by the let-7b mimic to more than 250%. Therefore, a let-7b mimic, when encapsulated in liposomal vesicles, increases TNFa pro-inflammatory cytokine expression that is further increased with EtOH preexposure. Taken together with our findings in human liver tissue, these data suggest that EtOH induction of let-7 microRNAs, the let-7-responsive TLR7 receptor, and subsequent acute phase pro-inflammatory responses may be a key component in the transition to acute AH.
DISCUSSION
We report here that EtOH exposure increases TLR7 mRNA expression in mouse liver tissue, in cultured primary human hepatocytes, and in a human hepatocyte cell line. We find that EtOH and TLR7 agonists increase expression of overlapping, but unique, immune signaling molecules and that the combination of EtOH exposure followed by TLR7 activation enhances pro-inflammatory mediator expression in mice. Additionally, TLR7 activation by imiquimod in human hepatocytes induces IL-8, a unique human cytokine known to contribute to AH (Hill et al., 1993; Liu et al., 2015) . Furthermore, we demonstrate that both EtOH and imiquimod increase expression of MyD88 and NFjB-p65, common elements in TLR signaling, and additionally induce Fig. 5 . Let-7b microRNA expression is significantly increased in the liver of patients with AH. (A-H) Let-7b microRNA expression was determined by RNAseq in liver tissue from alcoholic hepatitis (AH; n = 29), nonalcoholic steatohepatitis (NASH; n = 9), or fragments of normal tissue (control, n = 10). Sequencing data are shown as transcripts per kilobase million (TPM). (I) Let-7b microRNA levels were validated by qPCR in a confirmatory cohort of control (n = 7) and AH (n = 17) patients. qPCR data are shown as fold of control. a, p < 0.05 compared to control. the release of an endogenous TLR7 ligand, let-7b, in hepatocyte-derived MVs. For the first time, we report that a let-7 mimic induces TNFa in a human hepatocyte cell line. Taken together, these findings suggest that EtOH can increase TLR7 signaling through both induction of the TLR7 receptor and TLR7 signaling components (e.g., MyD88, NFjB) and through increased release of the endogenous TLR7 ligand, let-7. For the first time to our knowledge, we also report that both TLR7 expression and let-7b expression are increased in patients with AH and positively correlate with expression of IL-8, a known driver of AH; NEAT1 lncRNA, a positive regulator of IL-8 expression (West et al., 2014) ; and with serum AST levels, an index of liver injury. These results from patients with liver disease are consistent with our in vivo and in vitro results as well as our hypothesis that increased let-7 and TLR7 signaling may be a key component contributing to the transition to acute AH from less severe stages of ALD.
Our study finds that EtOH exposure induces liver TLR4 expression in mice, which is in agreement with previous studies supporting the role of TLR4 in ALD. LPS, a gut-derived endotoxin known to be increased in blood by EtOH consumption (Bode et al., 1987) , increases liver inflammation and steatohepatitis (Gao and Tsukamoto, 2016) via TLR4 and may contribute to increased alcohol drinking (Blednov et al., 2011) . Although TLR4 is closely linked to steatohepatitis, the factors that trigger progression from earlier stages of ALD to severe forms of ALD (e.g., HCC and AH) are poorly understood. For this study, we were particularly interested in studying the role of TLR7 in AH. TLR7 is an endosomal TLR which is distinct from TLR4. Previous studies have reported altered hepatocyte TLR7 expression in patients with liver disease (Firdaus et al., 2014; Leake, 2014; Lee et al., 2006; Lin et al., 2013) , including end-stage alcoholic cirrhosis (Starkel et al., 2010) , and have found TLR7 responses in hepatocyte cell lines (e.g., HepG2, Huh-7) (Lee et al., 2006; Sarkar et al., 2015) . Interestingly, unsaturated fatty acids reduce TLR7 expression, increase insulin-like growth factor 1 (IGF1), and increase oxidative stress in mouse hepatocytes and genetic ablation of TLR7 led to fatty liver, reactive free radicals, and IGF1 up-regulation in TLR7 knockout mice, consistent with the involvement of TLR7 in hepatic fat accumulation (Kim et al., 2016) . TLR7 responds to ssRNA, including viral ssRNA such as hepatitis C virus (HCV) (Negash et al., 2013) , linking TLR7 to chronic viral hepatitis-associated cirrhosis HCC. Indeed, hepatocytes may be uniquely involved in hepatic TLR7 signaling due to their susceptibility to HCV infection, a ssRNA virus that activates hepatocyte TLR7 and induces inflammatory responses (e.g., TNFa induction) in hepatocytes. In mouse hepatocytes, TLR7 can induce autophagy responses through IGF1 that are Myd88 dependent and reduced by fat accumulation (Kim et al., 2016) . In this study, EtOH induced TLR7 mRNA expression in both mice and in cultured hepatocytes, whereas imiquimod, the TLR7 agonist, did not increase the receptor's mRNA expression at the time points studied. Also, we report for the first time that IL-8 is induced by both EtOH and TLR7 agonists in cultured primary human hepatocytes. TLR7-mediated induction of innate immune genes in hepatocytes is consistent with previous studies linking hepatocytes to the hepatic immune response (Crispe, 2016) . Increases in MyD88 and pNFjB induced by either EtOH or imiquimod expression could support the enhancement of multiple TLR signaling pathways which may amplify autocrine and paracrine induction of innate immune genes. These findings suggest that induction of hepatocyte TLR7 signaling may play an important role in innate immune induction in the context of alcohol exposure.
In a mouse model of alcohol exposure followed by TLR7 stimulation, we find that EtOH induces expression of TLR7 and that the combination of EtOH pretreatment followed by TLR7 activation in mice resulted in a unique pro-inflammatory profile which consisted of simultaneous induction of both TLR7-responsive genes (e.g., KC, MIP-2, Neat1) and EtOH-responsive genes (e.g., TLR4, TLR7, COX2, HMGB1) as well as increased induction of TNFa, MCP-1, iNOS, MARCO-2, and TIMP-1 compared to EtOH or imiquimod exposure alone. Importantly, combined exposure also blunted EtOH induction of IL-10, an immunoregulatory cytokine important for maintaining inflammatory tone that is decreased in AH. Increased induction of a distinct subset of innate immune genes and concomitant loss of IL-10 induction in the co-exposed mice is consistent with EtOH induction of TLR7 contributing to a hyperacute phase response like that which is associated with AH (Fig. 8) .
Although our findings in a mouse of alcohol exposure support enhancement of TLR7 pro-inflammatory signaling by EtOH, the mouse model used is not a model of AH. AH is difficult to model in rodents in vivo and even the most injurious models of alcohol-induced liver damage do not produce the clinical sequelae of AH. Therefore, we also analyzed hepatic TLR7 mRNA expression in patients with chronic liver disease, including AH. Our human studies find that TLR7 mRNA expression is uniquely increased in patients with AH, but not in NASH. AH has previously been linked to increased expression of both IL-8 and its receptor CXCR2 (Liu et al., 2015) . IL-8 is a human cytokine with no direct homolog in rodents. Here, we report that hepatic TLR7 expression positively correlates with hepatic IL-8 mRNA levels as well as with serum AST levels. Our discovery that AH has increased TLR7 expression compared to controls or NASH patients suggests that sensitization to TLR7 may contribute to severe ALD including AH. The correlations of TLR7 mRNA with serum AST and IL-8 mRNA in both AH cohorts link TLR7 induction levels to markers of AH pathology.
Emerging evidence indicates that endogenous microRNAs including siRNAs and microRNAs can contribute to immune modulation via TLR7 signaling. Initial studies suggested that GU-rich microRNAs are TLR7 agonists (Heil et al., 2004; Hornung et al., 2005) and more recent findings indicate that the endogenous let-7 microRNA family can contribute to pathogenesis via TLR7 activation (Lehmann et al., 2012) . The let-7 family of microRNAs consists of 13 closely related genes that contain variations of the GU-rich motif proposed to stimulate TLR7 (Roush and Slack, 2008) . Let-7b has specifically been implicated in TLR7 activation and immune signaling. For example, activation of neuronal TLR7 by let-7b has been shown to contribute to neurodegeneration (Lehmann et al., 2012) and pain (Winkler et al., 2014) . Additionally, Coleman and colleagues (2017) recently found that MV let-7 released from microglia contributes to Fig. 7 . EtOH exposure increases TLR7 mRNA and let-7-induced TNFa and mRNA expression in cultured VL-17A cells, a recombinant human HCC cell line which express alcohol-metabolizing enzymes. VL-17A cells were exposed to EtOH (100 mM) for 24 hours followed by exposure to liposomal let-7 mimic (5 nM or 30 nM), a TLR7 agonist, for 24 hours. TLR7 (A) and TNFa (B) mRNA expressions were determined by qPCR. Data are shown as mean AE SEM (n = 3 to 4). a, p < 0.05 compared to NT; b, p < 0.5 compared to 5 nM let-7 mimic; c, significant effect of EtOH.
TLR7-mediated neurotoxicity. Importantly, Coleman and colleagues (2017) also reported that EtOH induced the release of let-7b from cultured microglia and that both TLR7 and let-7b were increased in alcoholic brain. All of these findings suggest that TLR7-let-7 signaling can mediate innate immune activation in the absence of viral infection and, furthermore, that its activation is up-regulated by EtOH exposure. Here, we report that hepatic let-7 microRNA expression is increased in patients with AH. Indeed, 6 of the 8 let-7 microRNAs detected by RNA sequencing are uniquely increased in the liver of patients with AH. Furthermore, hepatic expression of let-7b, let-7d, let-7a1, and let-7f1 levels positively correlates with hepatic IL-8 mRNA and with the lncRNA NEAT1, a positive regulator of IL-8 transcription. These are the first studies to our knowledge to implicate increased TLR7-let-7 signaling as a mechanism of innate immune activation in the context of AH. Increased expression of both the TLR7 receptor and endogenous TLR7 ligands (e.g., let-7) in AH and correlation with expression of IL-8, a known driver of AH, is consistent with TLR7 signaling being a "second hit" that contributes to progression to AH (Fig. 8) .
Compartmentalization of TLR7 to the endosome allows for recognition of viral ssRNAs and microRNAs that are endocytosed while preventing constitutive activation by cytosolic ssRNAs. Accordingly, ssRNAs, which are Fig. 8 . Activation of the TLR7 receptor by let-7 microRNAs as a novel mechanism contributing to the onset of alcoholic hepatitis (AH). Increased systemic lipopolysaccharide (LPS) caused by EtOH has been shown to activate hepatic TLR4, which contributes to pro-inflammatory signaling (e.g., TNFa) during alcoholic liver injury. However, the mechanisms that contribute to progression to acute AH remain unclear. In mouse hepatocytes, fat accumulation was associated with decreased TLR7 expression (Kim et al., 2016) ; however, in our human liver biopsy studies, NASH did not show decreased TLR7 mRNA expression. Our research indicates that both the TLR7 receptor and let-7 microRNAs, endogenous ligands of TLR7, are increased in patients with AH. Therefore, we propose that increased hepatic TLR7 signaling via increased expression of the TLR7 receptor, the endogenous ligand (let-7b), and TLR7 signaling components (e.g., MyD88, NFjB-p65) may contribute to a hyperacute innate immune response which triggers progression to acute AH. Activation of the lncRNA NEAT1 via TLR7 may also contribute to activation of a unique subset of inflammatory genes, including IL-8. encapsulated in liposomes or MVs, have greater TLR7-stimulating effects than free ssRNA (Jackson and Linsley, 2010) . Additionally, previous studies have shown that EtOH alters vesicle release from hepatocyte cell lines (Momen-Heravi et al., 2015) . Therefore, we determined the effect of EtOH on the release of MV-associated let-7b from cultured hepatocytes. We found that EtOH exposure increased both let-7b and tRNA levels in MVs released from cultured primary human hepatocytes. To test the effects of encapsulated let-7b on hepatocyte innate immune induction, we exposed VL-17A cells to a liposome-encapsulated let-7b mimic (or negative control) in the presence or absence of EtOH. We found that that liposomal let-7b mimic induces TNFa mRNA expression in VL-17A cells (Fig. 7) . Together, our finding that EtOH induces the release of MV let-7b and that liposomal let-7b can activate hepatocyte innate immune responses is consistent with EtOH increasing both TLR7 signaling via induction of both the TLR7 receptor and its endogenous ligand, let-7.
In summary, we report that TLR7 signaling is activated by EtOH exposure through up-regulation of both the TLR7 receptor and of its endogenous ligand let-7b. Indeed, we found that increased TLR7 signaling, including induction of the receptor and endogenous microRNA ligands (e.g., let7b), is associated with AH and correlates with liver IL-8 levels and serum AST. In an in vivo model of alcohol exposure, we demonstrate that EtOH induction of hepatic TLR7 expression sensitizes the liver to innate immune activation caused by the TLR7 agonist, imiquimod, including increased expression of TNFa, MCP-1, iNOS, MyD88, and MARCO-2. In vitro, we demonstrate that EtOH increases hepatocyte TLR7 expression and that imiquimod induces innate immune gene expression (e.g., TNFa, IL-8) through the TLR7 receptor. Additionally, we demonstrate that both EtOH and imiquimod stimulate the release of MV let-7b from hepatocytes and that a let-7b mimic induces TNFa in a hepatocyte cell line. Taken together, our findings suggest that increased TLR7 signaling caused by EtOH is multifactorial and includes up-regulation of the TLR7 receptor, induction of TLR7 signaling components (e.g., MyD88, NFjB), and a concomitant increase in the expression and release of endogenous microRNA ligands of TLR7 (e.g., let-7b). The highly translational approach of this study, including in vitro studies, a mouse model of alcohol exposure, and analysis of human liver diseases, was fundamental to connecting TLR7 activation to IL-8 induction since mice do not express IL-8. Indeed, our data suggest that IL-8 induction via TLR7 may mediate the hyperacute innate immune response critical for the onset of AH. Since TLR7 antagonists are currently in the drug development pipeline, future studies should determine whether disruption of TLR7 activation could prevent systemic inflammatory responses in vivo. Our findings are consistent with EtOH induction of both the TLR7 receptor and endogenous ligand let-7b in contributing to the induction of acute phase innate immune genes, including IL-8, which contribute to the onset of AH.
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Expeirmental design: VLM, LQ, FTC. Data collection: VLM, LQ, Ju.C, PS-B. Data analysis and interpretation: VLM, Jo.C, FTC, RB. Writing and revision of the manuscript: VLM, RB, FTC. exposed to EtOH (5 g/kg, i.g.) for 10 days. Twentyfour hours after the last EtOH dose, some mice were exposed to the TLR7 agonist imiquimod (2.5 mg/kg, i.p.) as described in Materials and Methods. Liver tissue was collected 2 hours after imiquimod (or saline) administration. Formalin-fixed, paraffin embedded sections were cut at 5 lm and mounted on glass slides. Sections were deparaffinizedand stained with H&E. Representative photomicrographs (original magnification, 2009) are shown. Fig. S2 . Effect of EtOH and imiquimodexposure on liver TLR4 protein expression in mice. Male C57BL/6J mice were exposed to EtOH (5 g/kg, i.g.) for 10 days. Twenty-four hours after the last EtOH dose, some mice were exposed to the TLR7 agonist imiquimod (2.5 mg/ kg, i.p.) as described in Materials and Methods. Liver tissue was collected 2 hours after imiquimod (or saline) administration. Western blot was performed as described in Materials and Methods. Quantitative data are shown as fold of control. *p < 0.05 compared to control.
